In some animals, such as fish, insects, and cephalopods, the thick egg coat has a narrow canal-a micropyle-through which spermatozoa enter the eggs. In fish, there is no indication that spermatozoa are attracted by eggs from a distance, but once spermatozoa come near the outer opening of the micropyle, they exhibit directed movement toward it, suggesting that a substance exists in this defined region to attract spermatozoa. Since Coomassie Blue (CB) binds preferentially to the micropyle region in flounder, herring, steelhead, and other fish, it probably stains this sperm guidance substance. This substance-a glycoprotein based on lectin staining-is bound tightly to the surface of the chorion, but can be removed readily by protease treatment. Although fertilization in fish (flounder) is possible after removal of this substance, its absence makes fertilization inefficient, as reflected by a drastic reduction in fertilization rate. The sperm ''attraction'' to the micropyle opening is species specific and is dependent on extracellular Ca 2+
INTRODUCTION
The most detailed studies of fertilization have been performed in such species as sea urchins, seastars, amphibians, and mammals. The eggs of these animals have a glycoprotein envelope-commonly called the vitelline coat or zona pellucida-which is further surrounded by a thick jelly coat (sea urchins, seastars, and amphibians) or cumulus oophorus consisting of numerous somatic cells often embedded in extracellular matrix (mammals). Although jelly coats and cumulus are not essential for fertilization, they do appear to promote it [1] [2] [3] [4] through their stimulation of sperm motility, acceleration or induction of the acrosome reaction, and direction of spermatozoa to the egg proper [5, 6] .
In most invertebrates (such as echinoderms) and mammals, fertilizing spermatozoa penetrate the egg coat at any location, whereas, in amphibians, spermatozoa penetrate preferentially in the region of the animal hemisphere where metaphase II chromosomes are located. In fish, insects, and cephalopods, spermatozoa enter only through a narrow canal (micropyle) in the thick vitelline envelope, the chorion. The manner of sperm entry into fish eggs has been studied by numerous investigators in various species since the early1950s [7, 8] , and excellent reviews are available [9] [10] [11] . Since fish spermatozoa of most species begin to move vigorously upon contact with water, it is generally thought that the spermatozoa enter the micropyle by their random movement.
We reported previously that herring spermatozoa, which are intrinsically immotile in seawater, become very active on contact with the chorion near the micropyle [12, 13] . A highmolecular weight glycoprotein, which is referred to as the sperm motility initiation factor (SMIF) [14, 15] , is responsible for the initiation of sperm movement in the herring. We report here that, in the herring and flounder, and perhaps in many other fish species, there is another glycoprotein immediately around the outer opening of the micropyle. It facilitates the entry of already active spermatozoa into the micropyle in a Ca 2þ -dependent manner. Interestingly, the eggs of many insect species also have glycoprotein coats or caps around the outer opening of the micropyle, which also may prove to assist sperm entry.
MATERIALS AND METHODS

Media
Isotonic Ringer solution for flounders [16] was used for handling gametes of fish, except that glucose was omitted from this medium. Its pH value was adjusted to 7.4 by adding a small quantity of 0.1 M HCl or NaHCO 3 . Ca 2þ -free Ringer solution contained 155.2 mM NaCl and 0.5 mM EGTA, other components being the same as normal Ringer solution. Artificial seawater (ASW) had the following composition: 429 mM NaCl, 9 mM KCl, 12 mM CaCl 2 , 23 mM MgCl 2 , 25 mM MgSO 4 , 2 mM NaHCO 3 . Ca 2þ -free ASW contained 442 mM NaCl and 0.5 mM EGTA. The pH of the media was adjusted to 7.8 by adding small amounts of 0.1 M NaHCO 3 or 0.1 M HCl. Natural seawater (0.45-lm filtered) or ASW was used with or without 1:1 dilution with distilled water (herring). Insect eggs were maintained in phosphate-buffered saline (PBS; Sigma) or Ringer solution [16] without glucose. Some Drosophila eggs were manipulated in Drosophila medium [17] supplemented with 5.6 mM glucose, bovine serum albumin (4 mg/ml) and penicillin G (50 U/ml).
Animals
The fish used in this study included: black flounder (Pleuronectes obscurus), barfin flounder (Verasper moseri), starry flounder (Platichthys stellatus), herring (Clupea pallasi), bitterling (Rhodeus ocellatus), steelhead (a.k.a., rainbow trout [Oncorhynchus mykiss]), and medaka (Oryzias latipes). Most of the barfin flounders were obtained from Japan's National Hatchery in Akkeshi and Kushiro (Hokkaido, Japan). During the peak of spawning season (late March to mid-May), each female ovulated every ;4 days. However, most failed to spawn even in the presence of mature males in the same tank, and ovulated eggs degenerated within the female's body cavity. To obtain fresh mature unfertilized eggs, those ovulated in the previous cycle had to be suctioned out of live females [18] or squeezed out of them before the next ovulation. All other fish were caught in the ocean, rivers, or ponds during the peak of their spawning seasons.
Insects used in this study include: fruit fly (Drosophila melanogaster, D. heteroneura, D. hemipeza, D. grimshawi, D. simulans, and D. silvestris), house fly (Musca domestica and Chrysomya megacephala), dragonfly (Calopteryx atrata and Sympetrum infuscatum), yellow swallowtail butterfly (Papilio xuthus), butterfly (Argynnis sp.), and silk worm (Bombyx mori).
Collection and Storage of Gametes
Mature fish eggs were collected either by gentle squeezing of the abdomen of recently ovulated live females (flounder and bitterling) or surgically from the abdomen of CO 2 -or 2-phenoxyethanol-anesthetized fish (steelhead and medaka) or recently dead fish (herring). Milt (dense sperm mass) was recovered either from isolated testes (herring) or by extrusion upon squeezing the male's abdomen (flounder, bitterling, and steelhead). Eggs and spermatozoa from different individuals were placed separately in plastic dishes or tubes, tightly covered, and kept in ice chests. As a rule, gametes were used for experiments within 24 h after collection. Insect eggs were collected by dissecting the abdomens of sexually mature females which were ready to mate or had mated several days earlier, and were examined immediately. All experiments were conducted in accordance with the Society for the Study of Reproduction's guidelines for research in animals.
Insemination and Examination for Sperm Entry in Eggs
Eggs of the black flounder, herring, and bitterling adhered strongly to glass and plastic dishes (Tissue Culture Dish; Becton-Dickinson Labwares, Franklin Lakes, NJ), whereas the eggs of medaka and steelhead adhered only lightly, and those of barfin flounder did not adhere at all. However, we could make barfin flounder eggs stick by coating the dish surfaces first with poly-L-lysine [19] . Flounder and herring eggs were inseminated in natural seawater or ASW (fullstrength for flounder or half-strength for herring) by adding spermatozoa previously suspended in either seawater or Ringer solution. Micropyles of steelhead eggs could be examined readily when chorions were isolated mechanically from eggs [13] , allowing them to adhere to a poly-L-lysine-coated dish. Some eggs (or isolated chorions) were treated with various reagents and rinsed thoroughly before insemination. In one experiment, eggs attached to the bottom of the dish were crushed using a spatula, rinsed thoroughly using Ringer solution to remove egg contents, and empty chorions were inseminated in natural seawater or ASW. Micropyles and sperm entry into them (in flounder, herring, and steelhead) were examined using a 403 water-immersion objective lens.
The effects of trypsin treatment of flounder eggs on fertilization were studied as follows. Fresh, unfertilized eggs were rinsed twice with Ringer solution, treated with Ringer solution containing 0.001% to 0.003% trypsin (23 crystallized; ICN Biochemicals) for 1-5 min, and rinsed twice with Ringer solution before placing them in natural seawater containing freshly suspended spermatozoa. Those undergoing normal cleavages at 118C-148C 4-6 h later were considered fertilized. Typically, 200-400 eggs were inseminated in each dish, and about 100 of them were selected randomly to determine fertilization rates. Experiments were repeated at least twice.
Whether Ca 2þ in seawater is necessary for flounder fertilization was determined as follows. Fresh, unfertilized eggs were rinsed thoroughly using Ca 2þ Mg 2þ -free Ringer solution with 0.5 mM EGTA before placing them in Ca 2þ -free ASW. Spermatozoa (from milt) were washed twice in Ca 2þ Mg 2þ -free Ringer solution by centrifugation (2000 3 g, 1 min each) before addition to the eggs in Ca 2þ -free ASW. For examination of sperm behavior at the micropyle, the sperm concentration in insemination medium was not strictly controlled, but for determination of fertilization rates, the sperm concentration at insemination was adjusted to approximately 1 3 10 7 per ml. About 1 h after insemination, eggs were transferred to natural seawater (or ASW) and examined following 4-6 h or 15-24 h of culture at 118C-148C. Those undergoing regular cleavages or normal embryo development were recorded as fertilized. Experiments were repeated at least twice using different females and males.
Insect eggs, collected from mated or unmated females, were examined using a dry objective lens after mounting them in PBS or Ringer solution between a slide and coverslip supported by four pillars of a Vaseline-paraffinbee's wax mixture (10:1:1). /ml. This stock of fluo-4-loaded spermatozoa was then added to eggs or isolated chorions on the stage of a scanning laser confocal microscope equipped with a Peltier-cooled stage (Brook Industries) at 128C. Spermatozoa were viewed using both argon laser (488 nm excitation) and transmitted light (interference contrast) to capture fluorescence and light images simultaneously. The confocal microscope was operated in the ''free run'' mode at ;15 frames per second for up to 4 min. Images were recorded through a 203 water immersion fluorescence laser scanning microscope objective (without coverslip). Video imaging of eggs or chorions was initiated just prior to addition of fluo-4-loaded spermatozoa (1 ll sperm suspension per 250 ll of half-strength ASW). We focused on the micropyles as spermatozoa approached the micropyle and initiated active motility. Up to 3600 frames were collected per experiment. Most observations and recordings were made using a 403 water immersion objective and video recorded.
Staining of Fish and
In Vitro Insemination of Fly Eggs
Several attempts were made to fertilize eggs of Drosophila heteroneura, Chrysomya megacephala and Musca domestica. Females of D. heteroneura were raised in laboratories, and those of other flies were caught in the field. When females were dissected in PBS, fully mature and near-mature eggs were released. Fully mature eggs were completely free of follicles, while near mature ones each had a follicular sac covering one pole of an elongated egg where the micropyle is located. The follicular sac could be readily removed by pipetting. The eggs were rinsed and transferred to either Drosophila Ringer solution [17] supplemented with 0.1% bovine serum albumin or HEPES-buffered CZB medium [20] . The latter was originally prepared for mouse eggs. A few eggs in a drop (5-10 ll) of the medium were transferred to the center of four pillars of the Vaseline-paraffinBee's wax mixture on a glass slide before another drop of sperm suspension (5-10 ll) in Ringer solution or CZB was added. Spermatozoa were obtained from the female's spermatheca. After thoroughly mixing eggs and spermatozoa on the slide, a coverslip was placed and compressed lightly. Examination and photography were performed using 103 and 403 objective lenses at 228C-248C.
RESULTS
Sperm Entry into the Micropyle of Black Flounder Eggs
Black flounder spermatozoa ( seawater were 80%-90%, 70%-80%, 5%-10%, and 0%, respectively, with active motility for only about 30 sec. Eggs and micropyles of the black flounder are shown in Figure 1 , B-D. The diameter of the outer opening and the length of the micropyle are 7-8 lm and 20-25 lm, respectively. The diameter of the innermost region of the micropyle canal is ;1.5 lm, which roughly corresponds to the width (;1.3 lm) of a single sperm head.
Sperm contact with the egg surface was very quick. Within 5 sec after insemination, spermatozoa were seen near the micropyle. When the micropyle of an egg was viewed from the top or obliquely during insemination, active motile spermatozoa were seen approaching the micropyle through random thigmotactic movement along the chorion surface. Those whose heads came very close to the opening of the micropyle almost always advanced into the micropyle (Fig. 2 , A-C; Supplemental Movie S1; all Supplemental Data are available online at www.biolreprod.org), the canal being filled with spermatozoa by 10-20 sec after insemination. Under normal conditions, it was the spermatozoon that entered the micropyle first that entered the egg cytoplasm, the remaining spermatozoa being extruded from the micropyle (by the fluid from the perivitelline space) after the egg was activated by the fertilizing spermatozoon. Spermatozoa were able to enter and pass through the micropyle when the chorion was mechanically isolated from the egg proper and inseminated. There was no indication of sperm chemotaxis toward the micropyle from a distance. Neither was there a clear indication of enhanced sperm motility when weakly motile spermatozoa came close to the micropyle toward the end of their motile life (e.g., 45 -60 sec in seawater in the case of black flounder).
At 2-3 min after sperm entry into the egg's cytoplasm, the inner half of the micropyle canal had closed, its outer half still remaining open. When the eggs were washed and reinseminated 40 min after the initial insemination, spermatozoa seldom entered the micropyle, even when they came in close proximity to it (Fig. 2, D and E) . Apparently, something that guides spermatozoa into the micropyle had disappeared after fertilization. Interestingly, sperm entry into the micropyle was highly species specific, since starry and barfin flounder spermatozoa seldom entered the micropyles of unfertilized eggs of the black flounder.
In black flounder eggs stained with CB and FITCconjugated WGA, the chorion around the outer opening of the micropyle stained blue (Fig. 3, A-C) or green (Fig. 3D) , respectively. By contrast, in the eggs treated with trypsin (0.001%-0.003% for 1 min at 148C), the micropyle was not stained by CB, even though its gross morphology remained unchanged. Coincidentally, sperm entry into the micropyle of such trypsin-treated eggs was very poor, with typically none or only one or two spermatozoa entering after a single insemination. Thus, most spermatozoa simply swam past (i.e., ''ignored'') the micropyle of trypsin-treated eggs. When eggs from two females were treated with 0.003% trypsin in Ringer solution for 1 min at ;148C, thoroughly rinsed and inseminated (using spermatozoa from two different males) in normal seawater at a sperm concentration of 5.7 3 10 7 /ml, an average of only 6.9% (1.0% in one experiment and 12.7% in another experiment) were fertilized, compared to an average of 88.2% (84.8% in one experiment and 91.5% in another experiment) of eggs being fertilized in the untreated (control) group. Even when the concentration of spermatozoa at insemination was increased 10 times higher than above, the fertilization rate in the trypsin-treated groups was only about 30% (three experiments).
Sperm Entry in Barfin Flounder Eggs
Barfin flounder spermatozoa, unlike those of the black flounder, remained motile for about 30 min in natural seawater or ASW. When inseminated, the first spermatozoon was seen entering the micropyle within 5 sec. The micropylar canal was filled with many spermatozoa by 1 min after insemination. Except for the first sperm that entered the egg's cytoplasm, all were extruded from the micropyle. The time of sperm extrusion varied from 40 sec to 4 min after insemination.
In unfertilized eggs, the chorion around the outer opening of the micropyle and the upper region of the canal were stained by CB (Fig. 4, A-C) and also by FITC-WGA (Fig. 4D) . WGA staining was inhibited in the presence of a specific sugar competitor (50 mM N-acetylglucosamine), indicating specific glycoconjugate recognition.
Barfin flounder eggs were very sensitive to trypsin. When they were treated with 0.001% trypsin for 2 min, chorions were visibly swollen; 1-min treatment did not alter the gross morphology of the chorion, including the micropyle, but CB failed to stain the chorion around the outer opening of the micropyle.
The Micropyle in Other Fishes
When isolated chorions of steelhead eggs were inseminated in Ringer solution, the spermatozoa that swam into the small funnel-like depression (''vestibule'') around the outer opening of the micropyle almost always entered the canal one by one. In steelhead eggs, the vestibule and canal were also stained with CB (Fig. 5A 0 ) and FITC-WGA (Fig. 5A  0 0 ). CB-stained micropyles of herring, medaka, and bitterling eggs are shown in Figure 5 , B-D.
Sperm Entry into the Micropyle of Fish Eggs Is Ca 2þ Dependent
As previously reported for herring, salmon, and trout eggs [13] , we observed here that sperm entry into the egg micropyle of the flounder is Ca 2þ dependent. When black flounder eggs were washed and inseminated in Ca 2þ -free seawater, the spermatozoa swam actively as in normal seawater, but failed to enter the micropyle. Even if they contacted the outer opening of the micropyle, they generally swam past it (Fig. 6, A and B ; Supplemental Movie S2). Thus, none or at most only one or two spermatozoa entered the micropyle following a single insemination. The few that did enter in Ca 2þ -free seawater were pushed out of the micropyle within a few minutes. Consequently, none of 430 black flounder eggs inseminated in Ca 2þ -free seawater were fertilized, whereas 98% of 368 eggs were fertilized after insemination in natural seawater (three experiments). Similarly, in Ca 2þ -free seawater barfin spermatozoa seldom entered the micropyle, and none of 347 eggs were fertilized (three experiments).
We have previously shown that most herring spermatozoa, unlike those of other fish, are virtually immotile in seawater, but they become vigorously motile upon contact with the chorion near the micropyle [8, 12, 13] (Fig. 7A ; Supplemental Movie S3). In this study, we compared fluo-4AM fluorescence intensity of herring spermatozoa before and after entering the micropyle ( Fig. 7B ; Supplemental Movie S4). We found that spermatozoa exhibited a significant (P , 0.0001) increase in intracellular Ca 2þ after entering the micropylar region of the chorion (average increase of 126%). Approximately 75% of motile spermatozoa moving around the micropyle had a peak pixel intensity (relative fluorescence units) of less than 832, while 67% of spermatozoa that had entered the micropylar canal exhibited a peak pixel intensity greater than 1687 (Fig.  7C) .
Ionomycin Alters the Motility Pattern of Fish Spermatozoa
Ionomycin, an agent that raises intracellular levels of Ca 2þ by activating Ca 2þ influx and/or releasing Ca 2þ from intracellular stores, had a distinct effect on the pattern of sperm movement. When a minute drop of steelhead milt was put on a slide and covered with 20-30 ll of Ringer solution containing 1 lM ionomycin, spermatozoa began a ''spinning'' or ''whiplash'' movement that lasted for 20-30 sec. This was very different from their linear movement in Ringer solution alone or tap water, where they also swam for up to 20-30 sec. Black flounder spermatozoa began a zig-zag movement on contact with seawater containing 1-10 lM ionomycin. This movement was also quite different from the unidirectional movement of spermatozoa seen in normal seawater.
The Micropyle Cap of Insect Eggs
Like fish eggs, most insect eggs are each surrounded by a tough chorion. Typically, the micropyle is a protrusion of the chorion at the egg's animal pole, though, in some species of insect (e.g., silk worm), the micropyle does not protrude, and the egg is completely spherical. This configuration makes finding the micropyle under a microscope difficult unless the opaque contents of the egg are removed prior to examination.
Some insect eggs display a prominent cap around the opening of the micropyle. The shape and size of the cap may vary according to species. Eggs of six species of Drosophila, stained with CB, all showed species-specific gelatinous caps around the opening of the micropyle. Micropylar caps of only two of these Drosophila species are shown here (Fig. 8) . While the micropyle cap of D. heteroneura was removed by a 10-min treatment with 0.1% Streptomyces protease (pronase E, 5.8 U/ mg; Sigma) in Ringer solution at 238C, it was resistant to trypsin, alpha-chymotrypsin, and collagenase, and to low pH (2.8) (data not shown). The caps of D. heteroneura and D. melanogaster were stained with FITC conjugates of wheat germ agglutinin (Fig. 8, A 0 0 and B 0 0 ) and concanavalin A (data not shown). Staining was inhibited by the presence of specific competitive sugars (n-acetylglucosamine for WGA and amethyl mannoside for ConA). The micropyles of house fly eggs (Chrysomya megacephala and Musca domestica) did not protrude, but they did possess large jelly caps (Fig. 9, A-C) . One dragonfly (Calopteryx atrata) was observed to have a brush-like micropyle cap (Fig. 10A) , whereas another dragonfly (Sympetrum sp.) did not (Fig. 10B) . Micropyles of a butterfly (Argynnis sp.) and the silk worm (Bombyx mori) were not stained by CB. The CB-stained material in radially arranged grooves around the micropyle of silk worm eggs (Fig. 10C) could be analogous to the micropyle glycoprotein. The yellow swallowtail butterfly was unique in that the egg chorion had .10 micropyles, each appearing like the micropyles of fish eggs (Fig. 10, D-D 0 ).
In Vitro Insemination of Fly Eggs
Several attempts were made to fertilize fly eggs in vitro. The spermatozoa of house flies (Musca domestica and Chrysomya megacephala), which were 30-40 lm in length, were much easier to handle than those of D. melanogaster that were over 1.2 mm in length. When eggs of Musca and Chrysomya were inseminated in vitro using homologous spermatozoa removed from female's spermathecae, the spermatozoa were observed 
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swimming backward (tail-ahead) and forward (head-ahead). Before changing its direction, the spermatozoon displayed a brief, tortuous, nonprogressive movement. Spermatozoa attached to and detached from both the chorion and the micropyle cap using the tip of their heads and tails alternately, but none entered the cap. Thus far, all of our attempts to fertilize eggs of house flies and Drosophila have failed. However, we did observe a single sperm head within the cap of an egg collected from a Chrysomya megacephala female (Fig.  9C ). This spermatozoon was immotile when first observed, and did not advance into the egg. It is possible that the site of sperm entry in the micropyle cap is predetermined, at least in this species, as we could see a delicate perpendicular ''canal'' in the cap of mature unfertilized eggs (Fig. 9A) .
DISCUSSION
Under natural spawning conditions, fish release eggs and spermatozoa while they are swimming in or agitating water, and sperm-egg contact appears to be a purely random event. However, when motile spermatozoa contact the egg (chorion), they tend to keep swimming along its surface. Such sperm movement is not unique to fish. It occurs in a variety of animal species, and has been referred to as the thigmotaxis or contact reaction of spermatozoa [21] . The thigmotactic movement of fish spermatozoa on the chorion surface is a very efficient means of increasing the concentration of spermatozoa on egg surface [22] , as well as enhancing the chance of spermatozoa encountering the micropyle and thus gaining access to the egg oolemma and fertilization. Our data suggest that a CB-affinity glycoprotein, ''micropylar sperm attractant'' (MSA), around the opening and inside of the micropyle of herring eggs and flounder eggs guides (''attracts'') spermatozoa into the micropyle. Removal of this material with trypsin results in most spermatozoa ignoring the micropyle, and a drastically reduced fertilization rate.
According to Suzuki [23] [24] [25] , the chorion around the micropyle of bitterling eggs has a low-molecular weight substance that activates and aggregates spermatozoa in a nonspecies-specific manner. This substance is associated with a protein, but is readily diffusible into the medium. In the species that we examined, we did not find a diffusible substance that activated spermatozoa. We did find a CB-affinity material on the chorion around the micropyle of the Rhodeus ocellatus egg (Fig. 5D) , one of the bitterling species that Suzuki used, but since this CB-affinity material was not removed after repeated YANAGIMACHI ET AL. washing, the relationship between the CB-affinity material and the low-molecular material that Suzuki reported is not clear. We did find a chorion-bound MSA on flounder eggs, but it failed to ''activate'' weakly motile spermatozoa; it merely changed the trajectory of actively motile spermatozoa (see Supplemental Movie S1).
There exist important differences and similarities between herring and many other fish with respect to behavior of spermatozoa around the egg. Spermatozoa of most fish initiate active motility in fresh water or seawater upon dilution of seminal plasma [26, 27] (Fig. 11A) , whereas herring spermatozoa remain virtually motionless in seawater until they contact a 105-kDa glycoprotein that is distributed on the chorion surface as a broad ring around the micropyle in the micropylar region of the egg's chorion, but is sparse or absent immediately adjacent to the micropyle opening (yellow ring zone in Fig. 11B ) [15] . In other fish, differences in ionic composition and/or osmotic pressure between fresh water and seminal fluid trigger activation of sperm motility due to an increase in intracellular Ca 2þ [25] [26] [27] [28] [29] [30] . In the herring, sperm contact with SMIF activates a reverse Na þ /Ca 2þ exchanger in the sperm plasma membrane, which produces a ;500% increase in intracellular Ca 2þ concentration that is responsible for sperm motility initiation [31, 32] .
We have been puzzled by the fact that SMIF appeared to be absent in the chorion immediately adjacent to the micropylar opening of the herring egg. It is now clear that this region of the chorion (blue zone in Fig. 11B ) bears an additional glycoprotein MSA that directs spermatozoa into the micropyle. MSA appears to further increase intracellular Ca 2þ in SMIFactivated spermatozoa, presumably to elicit ''asymmetrical'' flagellar bending that facilitates sperm entry into the micropyle. Both SMIF and MSA require extracellular Ca 2þ to activate spermatozoa and direct them into the micropyle. Whether SMIF and MSA are chemically related or completely different glycoproteins remains to be investigated.
At present, we do not know whether MSA exists in the eggs of all species of fish. It is possible that MSA is of critical importance for species the egg chorions of which have shallow or no depression around the micropyle (e.g., flounder, herring, salmon, and medaka). It may be less important for other species the egg chorions of which have larger depressions around the micropyle (e.g., bitterling and zebrafish). A funnel-like depression in the chorion may help direct spermatozoa toward the micropyle opening. In some fish, such as the rosy barb (Barbus conchonius) [33] and goldfish (Carassius auratus) (R. 
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Yanagimachi, unpublished results), the chorion around the micropyle exhibits prominent radial or spiral grooves that guide spermatozoa to swim toward the micropyle opening. Whether these eggs possess or need MSA is yet to be determined.
In the present study, we observed that sperm entry into the micropyle is species specific. Black flounder spermatozoa, for example, entered the micropyle of black flounder eggs far more efficiently than barfin and starry flounder spermatozoa. Starry and barfin flounder spermatozoa could enter the micropyles of black flounder eggs, but entry appeared rather ''accidental.'' Newman [34] produced many fish hybrids by inseminating eggs of one species with spermatozoa of another species, but he had to use high concentrations of spermatozoa to be successful. Thus, it is reasonable to assume that specificity of MSA activity can be overcome by the random movement of increased concentrations of spermatozoa. This may also suggest that MSA may not be essential for fertilization, per se, but may have evolved as a means of maximizing the chance of normal fertilization in water under conditions where spermatozoa become diluted rapidly or where eggs or spermatozoa (or both) loose fertilizability very quickly.
The presence of a gelatinous cap on the micropyle of fly eggs has been noted for many years (Fig. 112 in Ref. [35] ), but little attention has been paid to this material for two likely reasons. First, it is transparent and may disappear during routine histological preparation of eggs. Second, in Drosophila melanogaster, the most intensively studied of this genus, the micropyle cap is rather small and nondistinct (Fig. 8, A and  A 0 ) . However, in other species of Drosophila, the caps are large and clearly visible with or without staining (Fig. 8B 0 ). The cap's affinity for various plant lectins (including wheat germ agglutinin) and its removal by pronase indicates that the cap is glycoprotein. According to Meissner [36] and Arthur et al. [37] , spermatozoa of the blow fly and the yellow dung fly congregate on and in gelatinous caps, suggesting that the caps attract and hold spermatozoa. The presence of glycoconjugates with a-mannose, b-acetylglucosamine, and a-fucose residues in the micropylar jelly caps of various Drosophila species was demonstrated by using fluorescein-conjugated lectins [38] . The presence of b-fucosidase, a-mannosidase, and a-hexosamindase on the surface of D. melanogaster spermatozoa has been suggested as a mechanism for sperm recognition of the egg [39] . Defects in these sperm surface enzymes may result in the infertility of Drosophila males [40] . While the precise role of the micropyle cap in insect fertilization has yet to be clarified, it obviously is not for the induction of the sperm acrosome reaction, at least in Drosophila, since spermatozoa undergo the acrosome reaction (disruption) only after entering the egg cytoplasm [41] . It would be extremely interesting to investigate whether some forms of female infertility in Drosophila are due to the lack of or defect in the micropylar components.
Whether micropyle caps are ubiquitous among other species of insects is an open question. However, variations in micropyle cap appearance and micropyle number are evident. Thus far, we have been unable to detect distinct caps or coats around the outer opening of micropyles of the silk worm (Bombyx mori) as well as a butterfly (Argynnis sp.). It is possible that gelatinous material covers the micropyles of all 
insect species, but, in some species, CB affinity is lacking and visualization is difficult.
At present, little is known of the mechanism of sperm entry into insect eggs, largely due to a paucity of techniques for handling live insect gametes. This may have been evident with spermatozoa of the house fly (Musca domestica and Chrysomya megacephala) that we examined; sperm swam actively and contacted chorions and the micropyle cap, but none advanced into caps. The Drosophila medium may have been inappropriate for either eggs or spermatozoa or both. Simple, reliable techniques to fertilize insect eggs in vitro are badly needed. Whether insect spermatozoa require ''maturation'' and ''capacitation'' within male and female genital tracts [42, 43] is unknown. Simple techniques to observe sperm transport in the male and female genital tracts before fertilization must be developed. The work by Yang and Liu [17] on the motility of Drosophila spermatozoa within the female tract using transgenic, fluorescent spermatozoa has opened a promising avenue for the study of insect fertilization.
Many invertebrates have conspicuous gelatinous (jelly) coats containing molecules that stimulate sperm motility and the acrosome reaction [5, 6, 44] . Amphibian egg jelly coat stimulates sperm motility and guides spermatozoa toward the egg surface [45] . The eggs of lampreys and jellyfish (Siphonophores) have gelatinous materials at the animal (meiotic) pole [46, 47] . Eggs deprived of these materials are fertilizable, but require greater numbers of spermatozoa to be fertilized. The cumulus oophorus matrix around mammalian eggs increases the chance of fertilization success by trapping the few spermatozoa arriving in the oviductal ampulla where fertilization takes place [4, 48] . MSA that we found around the outer opening of fish and insect egg micropyles seems to be analogous in its function to jelly coats or cumulus matrices of many other animals.
